Study region: This study used intact soil cores collected at the Boulder Creek Critical Zone Observatory near Boulder, Colorado, USA to explore fire impacts on soil properties. Study focus: Three soil scenarios were considered: unburned control soils, and low-and hightemperature burned soils. We explored simulated fire impacts on field-saturated hydraulic conductivity, dry bulk density, total organic carbon, and infiltration processes during rainfall simulations. New hydrological insights for the region: Soils burned to high temperatures became more homogeneous with depth with respect to total organic carbon and bulk density, suggesting reductions in near-surface porosity. Organic matter decreased significantly with increasing soil temperature. Tension infiltration experiments suggested a decrease in infiltration rates from unburned to lowtemperature burned soils, and an increase in infiltration rates in high-temperature burned soils. Non-parametric statistical tests showed that field-saturated hydraulic conductivity similarly decreased from unburned to low-temperature burned soils, and then increased with high-temperature burned soils. We interpret these changes result from the combustion of surface and nearsurface organic materials, enabling water to infiltrate directly into soil instead of being stored in the litter and duff layer at the surface. Together, these results indicate that fire-induced changes in soil properties from low temperatures were not as drastic as high temperatures, but that reductions in surface soil water repellency in high temperatures may increase infiltration relative to low temperatures.
Introduction
Wildfires often lead to enhanced runoff generation in mountainous environments. The Colorado Front Range in the US has experienced flash floods (e.g., Moody and Martin, 2001 ; Kunze and Stednick, 2006; Kinoshita et al., 2016) , erosion (BenavidesSolorio and MacDonald, 2001, 2005; Wagenbrenner et al., 2006; Kampf et al., 2016) and water-quality problems (e.g., Murphy et al., 2015; Mast et al., 2016) following wildfire. Post-fire changes in soil-physical and soil-hydraulic properties are important for controlling the magnitude of the hydrologic response to rainfall. Physical properties of interest include organic matter, bulk density (ρ d ), and the strength and persistence of soil-water repellency. Changes in these physical properties are linked with effects on soil-hydraulic properties of field-saturated hydraulic conductivity, K fs , and sorptivity of water, S w , which directly impact infiltration and runoff generation.
Prior work in the Colorado Front Range has shown that wildfire affects soil-physical and soil-hydraulic properties. For example, based on field measurements and soil sampling in fire-affected areas, soil-organic matter often decreases after surface heating by wildfire (e.g. Ebel, 2012; Moody and Ebel, 2012) , ρ d increases (Moody and Martin, 2001; Moody et al., 2009; Ebel, 2012; Moody and Ebel, 2012) , the strength and persistence of soil-water repellency can be increased (e.g. Huffman et al., 2001; MacDonald and Huffman, 2004; Lewis et al., 2006) , and soil-hydraulic properties K fs and S w typically decrease in magnitude (e.g. Moody and Ebel, 2012; Ebel et al., 2012 Ebel et al., , 2016 Moody et al., 2016) . The aforementioned research has led the way in addressing fire effects on soilphysical and hydraulic properties in the Colorado Front Range for individual properties or several properties in combination, but these studies have not integrated all these soil properties at the same site to further elucidate linkages and dependencies.
Wildfire impacts can depend on burn severity. The definition of burn severity from Keeley (2009) , applied to the soil system, refers directly to the loss of organic matter driven by soil heating. The Colorado Front Range has historical wildfire regimes of low and high-severity (e.g. Veblen and Lorenz, 1986 ) and magnitudes of soil property changes in this region have been shown to depend on remotely sensed burn-severity metrics (Lewis et al., 2006; Moody et al., 2016) . Currently we lack systematic understanding of the impact of burn severity on soil-physical and hydraulic property changes that is applicable across multiple soil types and fire regimes (Moody et al., 2016) . Field measurements campaigns examining this issue (e.g. Moody et al., 2016) have proven instructive, but experimental burning of soils in the laboratory to simulate different wildfire severities offers another way forward.
The most controlled way to evaluate and quantify changes in physical properties of soils as a result of fire effects is through laboratory experiments. Prior work on experimental soil heating investigating soil property changes as a function of burn severity typically used repacked soil samples in laboratory experiments that do not represent intact soils. Previous laboratory studies have tried to simulate the effects of wildfires on soils through different heating or burning methods, observing changes in properties-such as field-saturated hydraulic conductivity, water repellency, and soil moisture-and processes, such as infiltration (e.g. Badía and Martí, 2003a; Stoof et al., 2010) . However, finding a realistic way to simulate fire effects on a soil core is challenging. Stoof et al. (2010) found that heating soils in a muffle furnace to 300°C and above for 30 min can result in similar soil physical effects as burning the soil for 5 min with a propane burner. However, several laboratory studies have shown that heating soils in a muffle furnace does not address the movement of hydrophobic substances into the soil profile, and clearly does not allow for the direct effect of the flames on the soil (Badía and Martí, 2003b; Glass et al., 2008; Stoof et al., 2010) . Most laboratory studies on fire-impacted soils have also used sieved or disturbed soils (e.g. Forgeard and Frenot, 1996; Fernández et al., 1997; Moody et al., 2009; Stoof et al., 2010; Hatten and Zabowski, 2010; Bodí et al., 2012) . However, it is unclear how well these results would mimic expected changes in properties in the field, as repacked soils rarely represent realistic water movement through structured field soils. One notable exception is the study by Cancelo-González et al. (2012) ; they heated intact cores by surface warming with infrared lamps to simulate fire effects, but focused on soil cations rather than physical and hydrologic impacts. The work by Gabet (2014) in chaparral areas of California in the US is another example of direct surface heating of intact samples, but is not similar to vegetation communities or soil types in the Colorado Front Range and this study focused on wind erosion. An additional challenge is assessing soil burn severity during a heating experiment to reach target burn severity values because it is not possible to measure soil organic matter loss during heating.
The primary objectives of this work were to investigate soil-physical and hydraulic properties as a function of soil burn temperature and duration using intact core samples from the field. Soil temperatures during burning were monitored to assess soil conditions, thus soil temperature/duration conditions are used herein as a surrogate for soil burn severity. We examined an area in the Colorado Front Range, where wildfires cause flash flooding and water quality issues (e.g., Morris and Moses, 1987; Murphy et al., 2015) , that has not had systematic examination of burn severity controls on soil-physical and hydraulic properties in a controlled laboratory experiment. We seek to address the following research questions:
1. Do the magnitudes of soil-physical and hydraulic properties change monotonically with increasing burn temperature? 2. Are the trends between soil-physical and hydraulic properties as a function of soil burning similar? 3. What are the implications of measured trends in soil-physical and hydraulic properties as a function of soil burning for runoff generation in the wildfire-prone region of the Colorado Front Range?
Methods
Soil cores from the Boulder Creek Critical Zone Observatory in Colorado, USA ( Fig. 1) were used in controlled surface burning experiments to quantify soil property and hydrologic process changes in cores at different two soil burning temperatures (low and high temperature, and a control, unburned case), defined by soil temperatures and duration of exposure (Certini, 2005) . Our experiments simulated wildfire using a heat gun followed by rainfall simulation. This work explores relations between different temperatures of soil burning and physical soil properties, soil hydraulic properties, infiltration, and drainage following simulated rainfall. Our measurements include 1) dry bulk density, ρ d , and loss on ignition (LOI) as a metric of total organic carbon (TOC), which provide insight into soil-water storage; 2) volumetric soil moisture; 3) water repellency persistence using both water drop penetration times (WDPT) and tension infiltration measurements; 4) field-saturated hydraulic conductivity, K fs , used because air entrapment and water repellency prevent full soil saturation under field conditions (Reynolds et al., 1983) ; and 5) drainage of cores following simulated rainfall.
Eighteen soil samples were collected in the field within sections of polyvinyl chloride (PVC) pipe measuring 10 cm in height and 20 cm in diameter. When collecting the field cores, the inside of the core tube was coated in petroleum jelly to prevent a pathway for water to run down along the interface of the soil and PVC pipe. Three scenarios were considered with these cores, where six were unburned, six were burned to low temperatures, and six were burned to high temperatures; the process of simulated burning is described below. Half of the samples were used for tension infiltrometer testing and destructive sampling, the other half were used in the WDPT tests and rainfall simulations. Three replicates were considered for each unburned, low-temperature burned, and hightemperature burned scenario in each treatment to help quantify variability. The small sample sizes are a function of the difficulty of removing large diameter (i.e. 20 cm) intact soil cores from a mountainous area with stones and small roots embedded in the soil profile. Details on all procedures are below and a summary of methods is shown in Table 1 .
Soil sample collection
Undisturbed soil samples were collected in the Boulder Creek Critical Zone Observatory outside Boulder, Colorado, USA. A lowlying area of approximately 50 m 2 on the north-facing slope near Lower Gordon Gulch Creek (40.011976, −105.462776) served as the sample location due to ease of access, lack of large trees, and flat slope, which enhanced undisturbed core removal. Soil cores were collected from 0 to 10 cm depth using PVC pipe that was hammered into the ground; a large hole was then dug around the PVC pipe to carefully slide sheet metal under it for removal. The soils are characterized as aquic arguidolls that vary in composition with depth (NRCS Soil Survey, 2017).
Wildfire simulation by laboratory burning
The soil-temperature treatments for the low-and high-temperature samples were distinguished by the soil temperature of the . Low-temperature burns were defined by a soil-surface temperature of 200-250°C and > 100°C at 1-2 cm depth; high-temperature burns were defined by a soil-surface temperature of 450-500°C and > 200°C at 1-2 cm depth. The fire was simulated using a digital heating gun (Wagner HT3500) with programmed temperature settings. Temperature was monitored at the surface using a laser thermometer and at 1-2 cm depth with a Type K thermocouple. To minimize disturbance to the core, a small hole was drilled into the PVC from the side, and the thermocouple wire was slowly inserted until the exposed wire was at the center point of the core. Soils were heated until temperatures defined above were reached, or after an hour for practical purposes if the desired temperature ranges were not achieved; this happened for all three high-temperature cores due to the difficulty of achieving high temperatures at depth in the soils, which has been recognized in other studies (e.g., DeBano et al., 1977) . The average burning time was approximately 40 min.
2.3. Physical soil properties − bulk density and TOC Soil cores collected in the field were sub-sampled in the laboratory to evaluate ρ d with depth. The sub-samples were cored out of the larger cores by using thin-walled brass cylinders (5 cm in diameter and 10 cm in height), with one sub-sample taken per fieldcollected soil core. Each sub-sample was then sub-sectioned with depth every 2.5 cm by extruding the core from the cylinder, resulting in four samples that were placed into soil-moisture cups for oven drying. When surface material was lost due to combustion, the top sub-sample was less than 2.5 cm, but the deeper sub-samples would still be a full 2.5 cm. The upper sampling interval included litter and duff if it was present. Each sub-sample was weighed, placed into an oven at 105°C for 24 h, then cooled in a desiccator and weighed again (ASTM D7263-09, 2009) . If the sub-sample was less than 2.5 cm tall, the height was measured and used to get volume of soil corresponding to the mass of the sub-sample.
TOC was determined by the LOI method, which involves the destruction by heat of all organic matter in the soil or sediment (Schumacher, 2002) . Based on the soil texture and sample size after extrusion, the LOI method was conducted using an exposure time of two hours at 550°C (Heiri et al., 2001 ).
Water drop penetration time test
An initial estimate of water repellency persistence was obtained using the WDPT method . The WDPT method was repeated five times on different areas of the soil surface of the intact cores to determine the soil's repellency rating (Table 2) , using the median time as the final WDPT. The WDPT measurements were discontinued after 3600 s in the interest of time and because convective rain storms are typically less than 1 h in duration.
Tension infiltrometer
The Decagon Model S Mini Disk Infiltrometer was used to estimate cumulative infiltration, infiltration rates, K fs , S w , S e , and an index of water repellency R for the soils. K fs (cm s −1 ) was estimated according to:
( 1) where C 1 is the coefficient of the second-order polynomial term fitting the curve of the cumulative infiltration versus the square root of time (Zhang, 1997) , and A is the value relating van Genuchten parameters based on the specific soil type to the suction rate and radius of the infiltrometer disk (unitless; Decagon Devices, 2014; here A = 3.9099 given an estimate of the soil as a sandy loam based on a sieve analysis as well as a 2.25-cm infiltrometer radius and a suction of −2 cm). S e and S w were estimated using the slope of the cumulative infiltration versus the square root of time for the first 300 s of infiltration. The method from Zhang (1997) was chosen over other methods (e.g. Vandervaere et al., 2000) because initial and final soil-water contents were not measured during the tension infiltrometer tests. Lichner et al. (2007) proposed that R could be estimated using the relative sorptivity of ethanol and water according to:
Procedures for tension-infiltrometer experiments with ethanol were the same as those used for water. Ethanol infiltrometer experiments were completed on the same cores as the water infiltrometer experiments, at the same location, but after the water infiltration tests, allowing multiple days in between for the core to dry.
Tension infiltrometer experiments can have issues with the contact between the instrument base and the soil surface. Reynolds and Zebchuk (1996) analyzed how different contact materials such as contact sand or Spheriglass No. 2227 glass spheres affect pressure head and water content, concluding that data varied using different contact materials, depending on the thickness, saturated Table 2 WDPT class increments and corresponding descriptive repellency rating hydraulic conductivity, and water entry value of the contact material. To eliminate this uncertainty, no contact materials were used and instead a thin layer of surface material was removed to enhance infiltrometer contact. The tension infiltrometer was placed on the soil surface by first removing loose litter and duff material on unburned soil cores. In the high temperature cores, a minimal amount of charred material (1-2 cm) was removed to create a flat surface.
Tension infiltrometer experiments were conducted on each of the three replicates of the unburned control soil as well as for each temperature treatment (i.e. low and high temperature). A suction of −2 cm was used in the infiltrometer tests. Measurements of volume over time were recorded initially every 10 s for the first minute to capture the sorptivity-dominated stage of infiltration. Measurements were then recorded every 30 s until at least 15 mL of water had infiltrated into the soil. Experiment durations varied between 30 min and one hour.
Rainfall simulation
We simulated precipitation based on a Colorado Front Range storm event with a two-year recurrence interval with 2.5 cm of rainfall over a one-hour duration (UDFCD, 2008) . We used a simulator nozzle (Lechler Inc. Full Cone Nozzle Series 490/491 #490.608.1Y.BC) to achieve a consistent rainfall intensity. Each soil core was placed within the rainfall simulator atop a 20-cm diameter Texas Instruments TE525 tipping bucket precipitation gauge (Fig. 2) , which measures 0.25-mm rainfall increments per tip, equal to 8.23 mL of water, to record the volume of water passing through the length of the soil core over the one-hour duration. This volume of water was interpreted as outflow, which was related to the amount of water the soil was able to store. Decagon EC-5 soilmoisture probes and Type K temperature thermocouples were inserted horizontally into the soil to measure volumetric water content (VWC) and soil temperature over time. The upper soil-moisture probe and thermocouple were inserted at a depth of approximately 2.5 cm from the surface, while the lower soil-moisture probe and thermocouple were inserted at a depth of approximately 2.5 cm from the bottom of the soil core. The first occurrence of increasing VWC at a sensor, here called breakthrough, was quantified by finding the change in slope in VWC versus time; breakthrough was defined as a positive change in slope and VWC increasing to greater than 10% of the initial VWC.
Statistical analyses
Non-parametric analyses of variance were conducted to assess the statistical significance of results. Kruskal-Wallis tests were used to test for one-way analysis of variance based on medians (Kruskal and Wallis, 1952) . Friedman tests were used for two-way analysis of variance (Friedman, 1937) . A significance level (alpha) of 0.05 was used for all tests. Kruskal-Wallis was used to test differences in soil and hydraulic properties across unburned and low-and high-temperature heated samples, and Friedman tests were used to test differences across soil temperature treatment and with depth in the soil profile.
Results and discussion
Here, we outline the change in physical soil properties, soil hydraulic properties, infiltration, and drainage following simulated rainfall as a result of soil burning. Specifically, we describe burning the cores and resultant changes in 1) ρ d and LOI as a metric of TOC; 2) volumetric soil moisture; 3) water repellency via WDPT and tension infiltrometer measurements; 4) K fs ; and 5) drainage of cores following simulated rainfall (Table 1) . Overall results are shown in Table 3 in terms of relative changes in properties after burning; details on each of these are described in detail below.
Wildfire simulations by laboratory burning
Initially, on the unburned soil samples, there was an average of about 2 cm of duff and 3 cm of litter. Litter material consisted of pine needles, leaves, twigs, grass, moss, and pollen cones. When samples were burned to low temperature, between 0-1 cm of duff remained, and most samples had only minor amounts of charred litter (pine needles) left. Soil samples burned to high temperature resulted in no remaining litter or duff layer, which we accommodated for in our depth sampling as noted above by having thinner upper samples. Since the Wagner heat gun blows air using an internal fan, the majority of ash that could have been created during wildfire simulations blew off and did not remain on the soil core. Ash accumulation was therefore not considered in these experiments, although ash can be important for post-wildfire hydrologic response (Burgy and Scott, 1952; Cerdà and Doerr, 2008; Bodí et al., 2012; León et al., 2013) .
Low-temperature burned soils reached a temperature of approximately 95°C at 1-2 cm soil depth after about 35 min of burning, at which point burning was discontinued (Fig. 3) . Reaching high temperatures with depth was more challenging; a sharp increase in soil temperature was seen after 50 min during the high-temperature measurements due to complete combustion of surficial organic materials and, potentially, evaporation of water in the early stages resulting in less energy available for heating. Combustion of litter and duff at the surface would occur after approximately 20 min for low-temperature burned soils, and after approximately 3 min for high-temperature burned soils, depending on the surficial materials. The temperatures achieved bracket the soil temperatures at 2.5 cm depth in the heating experiments by DeBano et al. (1979) and are within the range of conditions in the heating experiments by Gabet (2014) . temperatures, burned soils became homogenized with depth with respect to ρ d compared to unburned and low-temperature burned soils (Fig. 4a, b) . Average ρ d was 0.7 g/cm 3 at the surface and 0.9 g/cm 3 at the bottom for high-temperature burned soils, although a decrease in the amount of litter and duff led to a smaller sampling volume in the first subsection for some burned soils. In the unburned cores, coefficients of variation in ρ d were greater near the soil surface due to the variation in the amount of organic litter and duff materials, then decreased with depth. High-temperature burned cores had the lowest coefficients of variation in ρ d near the soil surface (Fig. 4b) , and showed larger changes in ρ d than low-temperature burning (Fig. 4c) , suggesting that high-temperature burning can lead to soil structure degradation (Certini, 2005) . Similar increases in near-surface bulk density following wildfire have been shown in other studies (e.g., Giovannini et al., 1988; Andreu et al., 2001; Stoof et al., 2010; Jordán et al., 2011) . Moody and Nyman (2013) showed increases in bulk density to a depth of 6 cm on south-facing slopes following the 2010 Fourmile Canyon wildfire in the Colorado Front Range. Despite statistically significant variations in the magnitude of ρ d and coefficient of variation with depth based on a non-parametric Friedman two-way analysis of variance test (p = 0.0367, p = 0.0498 respectively), there was no statistically significant change in ρ d magnitude with soil burning between low versus high temperature (p = 0.2881, p = 0.2636, respectively). We also explored how TOC changed both with depth in the soil and with soil burning. Unburned soil LOI values were 16% on average between 0 and 2.5 cm of soil, and LOI decreased with depth to 6% near the bottom of the soil core (Fig. 5a ). Low-temperature burned soils had LOI values near the top of the soil core that averaged 35%, and 9% near the bottom. High-temperature burned soils became homogenized with depth in terms of LOI, with low values throughout (Fig. 5a) ; average LOI values from the near surface to the bottom of the core were 9% to 7%, respectively, with an increase in LOI between 2.5 and 5 cm depth measuring 11%. Coefficients of variation for TOC were quite variable for the varying subsections regardless of treatment (Fig. 5b) . TOC was found to change significantly between temperature treatments, based on a Friedman test (p = 0.0168), and is apparent in Fig. 5c . However, the null hypothesis that the median TOC was the same with changes in depth was not rejected (p = 0.208). TOC changes were inversely proportional to burn temperature, with the greatest change (i.e. reduction in TOC) from the control for high-temperature burned soils (Fig. 5c) . The LOI values for low and high-temperature burn samples may be affected by the removal of ash material by the heat gun.
Our results, showing the greatest reduction in organic matter with high-temperature burning, is consistent with prior results for high burn severity by Alauzis et al. (2004) and Hatten and Zabowski (2009) , where changes to organic matter depended on burn severity and were concentrated in the O horizon. The unheated LOI average value of 16% is similar to unburned values from the Colorado Front Range reported by Ebel (2012) Nyman (2013) observed the largest LOI decreases in the top 4 cm of soil on south-facing slopes following the 2010 Fourmile Canyon wildfire in the Colorado Front Range. The homogenization of soil organic matter content (i.e. reduction in spatial variability) in the high-temperature burned case is consistent with the work by Cerdà et al. (1995) and Ebel (2012) for high burn severity conditions.
Water drop penetration time test
Water repellency, based on WDPT, varied by burn temperature with the greatest repellency persistence for low-temperature burned soils and the least repellency persistence for high-temperature burned soils. Based on WDPT class ranges (Table 2) , repellency ratings were 1) wettable to strongly repellent for unburned soils, 2) strongly repellent to extremely repellent for low-temperature burned soils, likely due to the condensation of organic hydrophobic coatings, similar to the results shown by Zavala et al. (2009) for low-severity burning, and 3) wettable to slightly repellent for high-temperature burned soils (Table 4 ). The increase in repellency persistence for the low-temperature burned cores was likely due to the condensation of organic hydrophobic coatings, similar to the results shown by Zavala et al. (2009) ; reduction and elimination of water repellency with the high-temperature burned cases is likely associated with the volatilization and oxidation of the organic compounds. Changes in WDPT may have occurred below the surface; however, the measurements are only representative of the soil surface. Differences in median WDPT were significant based on Kruskal-Wallis (p = 0.0001). Repellency was related to soil temperature, with the highest values for the low-temperature burned case. Krammes and DeBano (1965) similarly found that heating soils up to 175°C resulted in little to no change in water repellency, > 3600 > 3600 > 3600 680 High-temperature (surface T = 450-500°C; T at 1-2 cm > 200°C) 1 3 5 7 5 < 5 < 5 < 5 2 < 5 < 5 < 5 < 5 < 5 3 < 5 < 5 < 5 2 0 < 5 C. Wieting et al. Journal of Hydrology: Regional Studies 13 (2017) [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] heating between 175°C and 200°C considerably increased water repellency, and at higher temperatures (between 280°C and 400°C), repellency was destroyed. Others have also shown that repellency disappears in higher temperature ranges (e.g. DeBano, 2000; Shakesby et al., 2003) or that with high-severity burns causes major declines in water repellency persistence (e.g., Doerr et al., 2006a,b; Cerdà and Doerr, 2005; Scott and van Wyk, 1990) ; others have shown the opposite, where high-severity burns show strong repellency just below the surface (e.g., Nyman et al., 2014; Cawson et al., 2016) . We note that the variability in times in the unburned soils (less than 5-225 s) likely exists due to the variable presence of naturally occurring water-repellent organic materials prohibiting water infiltration.
Tension infiltrometer experiments
Soil burning impacted the cumulative infiltration and soil hydraulic properties estimated from the infiltrometer experiments. Low-temperature burned soils infiltrated less water than the unburned control soils, which was expected due to induced water repellency upon burning at lower temperatures. Values of K fs ranged from 1.1 × 10 −5 to 7.1 × 10 −5 cm s −1 for unheated soils, decreased to 0.93 × 10 −5 -2.2 × 10 −5 cm s −1 for low-temperature burned soils, and increased to 11 × 10 −5
-16 × 10 −5 cm s −1 for high-temperature burned soils (Table 5 ). The mean K fs for high-temperature burned soils was nearly a factor of 7 greater than the K fs for low-temperature burned soils and nearly a factor of 4 greater than unburned soils (Table 5 ; Fig. 6a ). Differences in the median K fs for unburned, low-temperature burned, and high-temperature burned soils were significant based on a Kruskal-Wallis test (p = 0.0427). K fs did not change systematically with soil temperature, with the highest K fs values for the high-temperature burned case and the lowest values for the low-temperature burned case. Estimates of K fs for unburned soils may be lower than expected for a sandy loam soil (∼10 −4
; Bagarello and Sgroi, 2007) due to high amounts of organic materials on the soil surface creating natural water repellency, inhibiting the flow of water. The most appropriate wildfire impacted comparison for these K fs estimates was reported by Moody and Ebel (2012) from the 2010 Fourmile Canyon Fire from a high burn severity hillslope. The average K fs value of 2.9 × 10 −4 cm s −1 from Moody and Ebel (2012) is a factor of ∼2-3 times greater than the high-temperature burned results reported here, although Moody and Ebel (2012) also noted infiltration rates of effectively zero for nine of their measurements. Here, we observed an increase in K fs with high-temperature burning, which is uncommon based upon comparisons with high burn-severity wildfires. Most prior efforts have shown decreases in K fs following wildfire (e.g. Cerdà, 1998; Robichaud, 2000; Neary, 2011; Nyman et al., 2010; Ebel et al., 2012) and substantial decreases in K fs with increasing burn severity (Moody et al., 2016) . However, it is important to consider the impact of changes in S w along with changes in K fs because both gravitational (measured by K fs ) and capillary (measured by S w ) contributions to infiltration can be important (e.g. Ebel and Moody, 2017) . The mean S w for hightemperature burned soils was a factor of 14 greater than the S w for low-temperature burned soils and a factor of 4 greater than unburned soils (Table 5 ; Fig. 6b ). Changes in S w can result from several effects, such as shifts in pore geometry (Parlange, 1971) , soil structure (Shaver et al., 2013) , organic material in the litter and duff layers (Czarnes et al., 2000) , and water repellency (Hallet et al., 2004) . The WDPT times indicate that shifts in water repellency persistence may be responsible for our observed trends in K fs and S w ; R provides additional evidence (Fig. 6d) .
The mean R is similar for unburned and high-temperature burned soils, but considerably larger for low-temperature burned soils (Table 5 ; Fig. 6d )-similar to our WDPT results-with a mean R greater than unburned soil by a factor of 6 and greater than hightemperature burned soil by a factor of 5. The variability in R between samples is much greater in low-temperature burned soil with a standard deviation of 28, while unburned and high-temperature burned soils had lower standard deviations of R of 0.5 and 4.2, respectively. R did not change systematically with increasing soil temperature. The R values indicate that S w and associated infiltration rates are lower in the low-temperature burned soils than the unburned soils; burning-enhanced soil-water repellency is apparent in these data and destroyed under high-temperature burning. The reductions in S w and infiltration rate because of water repellency are consistent with previously reported work by Tillman et al. (1989) and Hallett et al. (2004) . The presence of some natural water repellency in unburned soils is also not unusual (DeBano, 1981; Doerr and Moody, 2004; Dekker et al., 2003) .
Rainfall simulations
We achieved average rain intensities of approximately 2.3 cm/hr for all rainfall simulations. For unburned soils, the top 5 cm of soil began with higher initial VWCs than the low-and high-temperature burned soils, which had initially lower VWC as a result of the burning process (Table 6 ; Fig. 7 ). High-temperature burned soils saw the first breakthrough of VWC during rainfall in the top soilmoisture sensor after 10 min of raining. Low-temperature burned soils saw a VWC breakthrough in the top soil-moisture sensor at around 12 min. The breakthroughs in unburned soils were delayed due to the presence of litter and duff (organic materials) on the soil surface; the first occurrence of VWC increase occurred after 16 min. The bottom soil moisture sensor in the high-temperature burned and low-temperature burned soil cores saw the first breakthrough of water after 13 min, leading to travel times between sensors of 3 and 1 min, respectively. Unburned soils saw breakthrough in the bottom soil moisture sensor later than burned soils, after approximately 23 min of raining, for a travel time of 7 min. The greatest magnitude of change in soil-water content at 5-cm depth was for the high-temperature burned soils, whereas the unburned and low-temperature burned soils had the same change in soil-water content during rainfall at 5-cm depth within the soilwater content sensor accuracy of ± 0.03 m 3 /m 3 (Table 6 ). High-temperature burned soils also had the greatest change in soil-water content in the bottom 5 cm, whereas the unburned and low-temperature burned soils had the same change in soil-water content at this depth within the soil-water content sensor accuracy. Some ponding during rainfall occurred in all three of the rainfall simulations on the high-temperature burned soils, as well as erosion from raindrop impact, leaving minor amounts of soil at the bottom of the rainfall simulator. Outflow volumes were measured by the precipitation gauge (Table 5) , and were considered related to the soil water storage, with more outflow volume for soils with lower soil-water retention. While high-temperature burned cores had the greatest cumulative outflow volume and unburned soils had the lowest cumulative outflow volume, there is not a significant impact from soil temperature on storage characteristics over the full 10-cm core based on a Kruskal-Wallis test (p = 0.1479).
Implications of results for field settings and limitations of this study
Because of the difficulty in measuring properties in field settings before wildfires, which generally occur unexpectedly, there is a need for controlled laboratory measurements to resolve the effects of wildfire on soil hydraulic properties (Ebel and Moody, 2013) . Some implications of the work reported here may be important at the field scale. Low-temperature burned soils had the smallest values of K fs and S w and the highest values of the water repellency index R and water repellency persistence (Tables 4 and 5; Fig. 6 ), which would suggest a heightened potential for infiltration-excess overland flow generation in response to rainfall. High-temperature burned soils, in contrast, had the largest values of K fs and S w and values of R and water repellency persistence similar to unburned soils (Tables 4 and 5 Fig. 6 ), indicating a lower propensity for infiltration-excess runoff generation although the potential effect of ash in this higher temperature treatment was excluded due to experimental constraints.
The implications based on the data presented here, however, may not align with some field observations as noted previously, due to the simplification of variables for laboratory purposes. First, the role of vegetation in this research was small and strictly on the soil surface, whereas in the field, trees and other vegetation are burned, leading to ash accumulation. While we intended to isolate changes in soil hydraulic properties using laboratory experiments, vegetation could certainly complicate that story in field settings. Second, there may have been some ash intermixing with the shallow soil in post-wildfire simulations given the effects of using the heat gun, which could explain the increases in TOC at shallow depth in low-temperature burned samples. Third, laboratory-scale measurements will always be difficult to extrapolate to the field setting, where the level of heterogeneity is more notable; also, despite best attempts, disturbance to soil during coring or the impact of macropores will affect core-scale results. Scale considerations may be particularly important when considering the spatial connectivity of localized heating effects across hillslopes (e.g. Keizer et al., 2005; Ferreira et al., 2008; Cawson et al., 2013; Langhans et al., 2016; Ebel et al., 2016 ). An additional limitation of this work is the small number of replicate samples, which is a reflection of the difficulty of extracting intact core from the field. Studies with fewer replicate samples are still important for post-fire meta-analysis studies that synthesize many research efforts with limited sample sizes (e.g. Vieira et al., 2015; Ebel and Moody, 2017) , and statistical analyses of small sample sizes have shown to have statistical validity, although results should be evaluated carefully (e.g, de Winter, 2013) . Lastly, because burning was performed with a hand-held heat gun, there could also have been inconsistencies across the surface of the soil core, resulting in heterogeneities at the soil surface. This could attribute to variability in WDPT test measurements in low-and high-temperature burned soils between cores.
Conclusions
Intact soil cores were collected for laboratory experiments investigating the impacts of wildfire on soil properties and infiltration processes at the Boulder Creek Critical Zone Observatory, in Colorado. Wildfire simulation used a Wagner heat gun, which heated the soil surface to different levels based on temperature and duration. The average ρ d did not change significantly with changing soil temperature, but it did change significantly with depth in all cores. High-temperature burned soils became homogenized with depth, suggesting the collapse of soil structure. TOC, as measured by LOI, changed significantly with soil temperature treatment. Lowtemperature burned soils had some organic materials remaining on the soil surface, whereas all organics were combusted (and blown off) the surface of high-temperature burned soils. Furthermore, the heating of organics was responsible for an increase in water repellency at the surface in low-temperature burned soils, but further burning in the high-temperature scenario destroyed water repellency at the surface, which may have led to the increase in field-saturated hydraulic conductivity with high-temperature burning and more rapid initial VWC breakthrough in simulated rainfall. Soil physical properties of ρ d and soil organic matter changed in direct proportion to soil temperature, with greater changes for the high temperature cases. Soil-water repellency persistence (WDPT) and the repellency index R, in contrast, peaked at low soil temperatures and declined at high soil temperatures.
Soil-hydraulic properties, such as K fs and S w , mimicked the changes in soil-water repellency, but did not track with changes in ρ d or soil organic matter. Trends in TOC and ρ d did not mimic changes in soil-hydraulic properties, despite some physical linkages between these properties. Linkages were stronger between properties indicating water repellency persistence, WDPT and R, and soilhydraulic properties K fs and S w along with infiltration rates.
This research provides insight into how soil hydraulic and physical properties are affected by soil burning in intact soil systems. Laboratory-based experiments, such as the work performed here, could increase the predictive capabilities of forecasting watershed-scale runoff and erosion responses and groundwater recharge post-wildfire. This work suggests that low-temperature burned areas may also provide risk for enhanced runoff generation in the Colorado Front Range. Field work further addressing links between soil temperature and the resulting burn severity with soil hydraulic properties will aid in identifying potential areas of concern, as fireinduced changes affect infiltration, runoff, and erosion potential in this region.
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